Ustilago maydis is a biotrophic pathogen and well-established genetic model to 35 understand the molecular basis of biotrophic interactions. U. maydis suppresses plant 36 defense and induces tumors on all aerial parts of its host plant maize. In a previous 37 study we found that U. maydis induced leaf tumor formation builds on two major 38 processes: the induction of hypertrophy in the mesophyll and the induction of cell 39 division (hyperplasia) in the bundle sheath. In this study we analyzed the cell-type 40 specific transcriptome of maize leaves 4 days post infection. This analysis allowed 41 identification of key features underlying the hypertrophic and hyperplasic cell identities 42 derived from mesophyll and bundle sheath cells, respectively. We examined the 43 differentially expressed (DE) genes with particular focus on maize cell cycle genes and 44
the source/sink transition there is minimal development of bundle sheath plastids at the 84 leaf base, as well as in both sections adjoining the source-sink boundary 23 . Therefore 85 successful tumor formation is likely to happen just before the source/sink transition is 86 established suggesting that the "proper" photosynthetic establishment may be crucial to 87 prevent U. maydis capacity to induce tumors. 88 89
Tumors have been defined as a mass of cells that present abnormal cell divisions and 90 decreased cell differentiation; as a consequence tumors grow in an unorganized way and 91 vary in size and shape 24 . The cell cycle is tightly regulated and its mechanisms and core 92 machinery are largely conserved among eukaryotes [25] [26] [27] . Two key regulatory molecules 93 determine cell cycle progression; cyclins and cyclin-dependent kinases (CDKs) 26 . 94 CDKs are known as master cell cycle regulators and must associate with their 95 regulatory cyclin partner to be active 26 . Besides, CDK activity is regulated in other ways 96
including changes in the phosphorylated status, interaction with inhibitory proteins or 97 non-catalytic CDK-specific inhibitors (CKIs), and proteolysis by the 26S 98 proteosome 28, 29 . Two major classes of CDKs can be distinguished, CDKA and CDKB 26 . 99 CDKA regulate the G1-to-S and G2-to-M-transitions while CDKB control the G2-to-M 100 transition 26 . Plants encode for cyclins grouped as A-, B-, and D-types 26 . A-type cyclins 101 control mainly S-phase and the G2/M transitions; B-type cyclins control G2/M 102 transition, while D-type cyclins are involved in G1/S transition 28, 30 . Two major 103 multimeric E3 ubiquitin ligases target cell cycle regulators to the proteasome to promote 104 cell cycle progression: the anaphase promoting complex/cyclosome (APC/C) and 105 Skp1/Cullin/F-box complex 29, 31 . APC/C is multiprotein complex and controls the exit 106 from mitosis by targeting important mitotic promoting proteins like cyclin B for 107 degradation via the 26S proteasome 29 . SCF regulates mainly the G1-to-S transition by 108 degrading CDK inhibitors (CKIs) like ICK/KRP proteins 31, 32 . The cell cycle is 109 relatively well functionally characterized in the plant model Arabidopsis thaliana; in 110 contrast, less is known about the roles of key cell cycle-controlling genes in maize 33, 34 . 111 112
This study is combining the high-resolution technique Laser Capture Microdissection 113 with high transcriptome profiling RNAseq to characterize maize tumorous mesophyll 114 and bundle sheath cells induced by U. maydis infection. In a previous article we have 115 described the U. maydis transcriptome showing the specificity of effector deployment in 116 a cell type-specific manner 4 . We now describe the maize-specific transcriptome 117 response of micro-dissected mesophyll and bundle sheath tumorous cells. Moreover, we 118 take the information of an U. maydis effector deletion mutant, SG200Δsee1 8 , which 119 induces hypertrophic but not hyperplasic tumors in maize leaves after infection 4 to 120 pinpoint possible cell-cycle related genes and/or the mechanism that could explain the 121 observed phenotype. Since tumors are a product of cell cycle alterations, we analyze 122 this cellular process in a deeper detail. Table  182  183  This table was generated based on the information provided by Augustine et al., 2016,  184 in this paper a full analysis and description of the SUMO system in maize has being 185 thoroughly performed by these topic experts. Lectors interested on the topic please refer 186
Small ubiquitin-like modifier (SUMO) and the SUMOylation Machinery Genes 181
to that publication (Supplementary Table 5 (Table I ). This is in agreement with the mild SG200Δsee1 tumor 217 phenotype observed, where the bundle sheath structure is largely preserved and the 218 hypertrophic cells are mostly absent 4 . Few DE genes were detected when we compared 219
HTT against HPT, suggesting that many of the DE genes are shared between these two 220 datasets and their expression behaviors are likely similar (Table I) . 221 222
More genes are up-regulated than down-regulated in response to SG200 infection in 223 both cell types ( Figure 1A ). The largest difference is observed in the HTT dataset where 224 6,852 are upregulated in contrast to 1,504 downregulated genes ( Figure 1A) . To 225 determine a significant change in gene expression we applied an arbitrary absolute log2-226
Fold Change (log2FC) threshold of 1.5. This cutoff drastically reduced the number of 227 DE genes; however it kept the observed tendency of more genes being upregulated than 228 downregulated ( Figure 1A ). 229 230 A small number of genes is DE in all considered datasets (67 genes); in contrast, many 231 genes are shared between HTT and HPT datasets (2680 genes, Figure 1B ). HPT 232 contains the highest number of uniquely expressed genes (4553), followed by HTT 233 (3946), and seeTC (101, Figure 1B ). 234 235
In summary, the results demonstrate that SG200 infection has a strong effect on gene 236 expression in both mesophyll and bundle sheath cells. This is in line with the 237 observation that tumor formation correlates with a strong cell reprogramming 15 and this 238 may involve the gene expression of otherwise silenced genes. Moreover, the See1 239 effector seems to have a key role in such response since the number of DE genes is 240 drastically reduced in SG200Δsee1 infected mesophyll cells (seeTC) in comparison to 241 SG200 infected cells (HTT, Figure 1B ). This gene expression profile reflects the 242 phenotype, as SG200Δsee1 infections induce small tumors 4,8 . 243 244
Functional categorization of DE genes in the hyperplasic and hypertrophic cells: 245
Gene Ontology enrichment (GO) analysis 246 247
To explore the nature of the data we analyzed all DE genes for Gene Ontology 248 enrichment (GO) with the web-based agriGO software 39 . The Singular Enrichment 249
Analysis (SEA) revealed a strong and shared enrichment for several GO-terms between 250
HPT and HTT datasets (Supplementary Dataset 2 and Supplementary Table 1 ). A total 251 of 171 different GO terms were assigned to all five datasets. 101 terms are common 252 between HPT and HTT datasets. In contrast, only 23 GO terms are common between 253
HTT and seeTC datasets, which is interesting as the only difference is the deletion of 254 the See1 effector supporting the strong effect of this protein. We further analyzed the 255 data with Parametric Analysis of Gene set Enrichment (PAGE), which takes the 256 expression levels into account. This analysis showed 163, 77 and 15 GO terms for HPT, 257
HTT and seeTC respectively (Supplementary Dataset 2). The majority of the GO terms 258 found in HTT and seeTC datasets are shared with HPT with exception of 13 unique to 259 HTT and 4 unique to seeTC datasets. These include very diverse functions in HTT and 260 kinase and transferase activities for seeTC (Supplementary Dataset 2 and  261  Supplementary Table 2 ). 262 263
Since a considerable number of genes were DE genes and unique in each dataset (Table  264 I and Figure 1B) , we decided to explore if such gene subsets were also enriched for 265 specific GO terms. After SEA analysis we found 55 HPT and 44 HTT GO enriched 266 terms, out of which 31 are shared (Supplementary Dataset 3). This suggests that similar 267 functions are performed by different genes that are expressed specifically in each cell-268 type. Also interesting is that fewer GO terms are lost in the HTT dataset, when 269 comparing the terms assigned to the full list of DE genes against unique DE genes (77 270 full vs. 44 unique), than in the HPT dataset (163 full vs. 55 unique), suggesting that a 271 lot of the functional diversity for HTT is contain/shared within the unique DE genes. 272
Further analysis with PAGE showed 40 GO terms enriched for HPT and only 5 for HTT 273 (Supplementary Dataset 3). These last five terms are shared with HPT dataset and 274 include: GO:0010467-gene expression; GO:0034645-cellular macromolecule 275 biosynthetic process; GO:0009059-macromolecule biosynthetic process; GO:0043229-276 intracellular organelle and GO:0043226-organelle. The remaining datasets showed no 277 enrichment (Table I) . 278 279 280  enrichment analysis  281  282 For a more detailed and less redundant functional classification of DE genes a 283
Dissecting of differentially regulated biological processes: MapMan-Bin
MapMan-Bin enrichment analysis was performed. MapMan is a software tool 284 composed of different modules including a set of Scavangers which assign non-285 redundant functional categories to a set of given genes, proteins or metabolites and an 286
Image Annotator module which allows the visualization of data on diagrams of 287 biological processes or pathways relying on mapping files created by the 288 scavangers 40,41 . The plant gene function ontology MapMan consist of 34 major bins and 289 is organized as a tree, thus enabling the categorization of gene functions at different 290 levels of generality 41 . Here, we used direct (level one) children of the root node to 291 generate the profiles, counting all annotations by their respective level one. Afterwards 292
we tested for overrepresented terms in the intersection (both terms), difference (one but 293 not the other) and union (either) in mesophyll and bundle sheath datasets infected with 294 SG200 using exact Fischer tests 42 . This analysis showed an overrepresentation of five 295
MapMan-Bins ( Figure 2A ). Terms include chromatin assembly and remodeling 296
(histones, H4-type histone -12.1.5), cell-cycle (regulation cyclins, CYCA-type cyclin -297 13.1.1.1), protein biosynthesis (translation and elongation, eEF1A aminoacyl-tRNA 298 binding factor -17.4.1), cytoskeleton (microtubular network, kinesin microtubule-based 299 motor protein activities, kinesin-5 motor protein -20.1.3.4) and protein modification 300
(phosphorylation, TKL kinase superfamily -18.9.1). Interestingly, when looking for the 301 expression status of genes annotated with any of these five MapMan-Bins we find genes 302 that are both DE and tissue specific ( Figure 2B ). This indicates that while the respective 303 gene functions (MapMan-Bins) are shared and characteristic for both tumor tissues, 304 there are tissue specific DE genes implementing these functions. Based on these results, 305
and the clear implication of the deregulation of cell cycle regulating genes in tumor 306 formation, we further examined the DE genes with particular focus on maize cell cycle 307 genes. 308 309
For a general overview of the effect of U. maydis infection in maize mesophyll and 310 bundle sheath cells we generate a metabolic overview map with MapMan 40,41 . The 311 strongest effect is observed in the photosynthetic light reactions section for the HPT 312 dataset, where many genes are downregulated ( Figure 3 and Supplemental Figure 1 ). 313
Comparably, genes involved in starch formation were downregulated in the HPT dataset 314
( Figure 3 and Supplemental Figure 2 ). This is in agreement with our previous finding 315 that these cells are depleted from chloroplasts 4 . In contrast, starch formation and 316 degradation related genes were slightly but mostly upregulated in the HTT dataset 317
( Figure 3 and Supplemental Figure 2 ). This provides a picture of the maize leaf 318 response towards U. maydis infection and supports the hypothesis of HPT working as a 319 strong active sink tissue that stimulates the attraction of nutrient flow from source 320 tissues, which in this case might be partially enabled by HTT 4,43 . For the seeTC dataset 321
we observe mostly strong upregulation in very punctual but overall distributed 322 processes ( Figure 3 ). 323 324
In maize, cellulose microfibrils are mainly crosslinked with glucuronoarabinoxylans 325
(GAXs) 44 . During cell elongation in growing tissues the mixed-linkage (1→3), (1→4)-326 β-d-glucan appears transiently as the major cross-linking glycan 45 . Analysis of gene 327 expression of cell wall precursors in HPT and HTT datasets show an upregulation for 328 genes involved in the transformation from UDP-D-glucose to: sucrose, UDP-L-329 rhamnose, UDP-D-galacturonic acid and UDP-D-xylose (Supplemental Figure 3) . 330 Interestingly, the conversion of UDP-D-xylose to UDP-L-arabinose is upregulated in 331 the HPT dataset (Supplemental Figure 3 ). This is in agreement with our data which 332 indicate that U. maydis infection change the ratio contents of monosaccharides, 333
increasing arabinose content and reducing xylose 4 . 334 335 We have previously shown that tumors develop and expand in between two primary leaf 336 veins where lignin deposition increases defining the tumor borders 4 . Lignification is 337 commonly associated with plant defense response. The HTT dataset shows an 338 upregulation of genes involved in the formation of three important lignin precursors, 339 namely p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol 46,47 (Supplemental 340 Figure 4 ). 341 342
Tissue-specific regulation of cell-cycle associated genes by U. maydis 343 344
The See1 effector is required for the activation of maize cell mitotic division in bundle 345
sheath Table  354 3). To facilitate the analysis the core DNA replication machinery (pre-replication 355 complex and genes involved in s-phase) is analyzed in the next chapter. 356
In general, genes that constitute the basic cell cycle machinery appear DE in four out of 357 five datasets after setting a threshold of |log2FC| ≥1.5 (Table II) factors, which promote the transcription of genes required for cell cycle 376 progression 34,66-68 . We observe an up-regulation of RBR3/4 genes in the HPT and HTT 377 cells. Additionally E2F/DP coding genes are upregulated in HTT cells (Table II) . 378 379 APC13 is upregulated in the HTT dataset. In humans and yeast APC13 is required for 380 efficient cyclin degradation by promoting the association of the APC3 and APC6 381 subunits, until now APC13 has not been characterized in plants 29 . CDC20 is strongly 382 upregulated in seeTC dataset. CDC20 is a crucial co-activator of APC/C to degrade 383
Securin and CYCB, promoting in this way the onset of anaphase and mitotic exit 29 . 384 385
OMISSION OF SECON DIVISION 1 (OSD1)/ GIGAS CELL 1(GIG1) expression levels 386 peak at the G2/M transition. Arabidopsis plants overexpressing OSD1/GIG1 accumulate 387 CYCB1;2 29 . We detect an upregulation of two B-type cyclins in the HPT and HTT cells 388
suggesting a similar effect (Figure 4) In Arabidopsis, there is a concentration-dependent role of ICK/KRPs in blocking both 403 the G1/S cell cycle and entry into mitosis but allowing S-phase progression promoting a 404 switch to endoreduplication 72 . Several of the best-characterized SIAMESE (SIM) and 405 SIAMESE RELATED (SMR) proteins are also involved in the regulation of the 406 transition from the mitotic cell cycle to endoreplication 72,73 . This poses the question if 407 the two distinct CKI upregulated in the different tumorous cell types are inducing 408 different outcomes to give place to hyperplasic or hypertrophic phenotypes. At least our 409
data clearly indicate that nuclear size, which can be proportionally related to 410 endoreduplication, of mesophyll cells infected with SG200 or SG200Δsee1 is increased 411 while bundle sheath nuclear sizes remain unchanged ( Figure 5 ). This supports the 412 concept of hypertrophy in mesophylls cells being linked to endoreduplication. 413 414
The Pre-Replication complex (pre-RC, before S-phase) 415 416
The pre-RC is a very important part of the cell cycle as it defines the origins to initiate 417 DNA replication, regulates DNA replication and assures that each daughter cell receives 418 identic DNA copies 51 . Pre-RC members are conserved in all eukaryotes and previous 419 studies have shown that plants core DNA replication machinery is more similar to 420 vertebrates than single celled yeasts [25] [26] [27] . The pre-RC consist of an initiator to establish 421 the site of replication initiation (ORC), a helicase to unwind DNA (MCM complex), 422 and CDC6 and CDT1, which act synergistically to load the MCM complex 25,51 . The 423
formation of a pre-replication complex (pre-RC) is a key control mechanism occurring 424 before cells enter S-phase 51 . 425 426
Our analysis shows that DE genes from the core DNA replication genes are found in 427 three of the five datasets ( Figures 6 and 7 and Supplementary Table 4 ), the HPT dataset 428 (11 genes), HTT (22 genes), and SeeTC.vs.HTT (3 genes). In the HPT dataset we found 429 exclusively upregulated ORC5, ORC6, CDC6, CDT1 (b), SLD5, POLE1, RFC1 and 430 RPA1; additionally PSF1 and PCNA1, which are downregulated. In HTT we found  431  exclusively upregulated genes including ORC2, MCM3, MCM4, MCM5, MCM7,  432  MCM10, TOPBP1 (MEI1), POLA3, POLA4, POLD1, POLD3, RFC2, RFC3, RFC4,  433 RPA1, RPA2 and RPA3 25,51 . POLA2 lays down a short RNA/DNA primer in the 434 lagging strand synthesis 25 , and is upregulated in both HPT and HTT datasets. Finally, 435
the comparison of SeeTC.vs.HTT showed a shared upregulation of RPA2 with the HTT 436 and a unique and strong downregulation for one RPA1 gene ( Figure 6 ), both necessary 437 to stabilize single stranded DNA. In summary, the HTT shows an upregulation of 438 almost all the elements necessary for DNA replication, a characteristic behavior of cells 439 going through endoreduplication (Figure 7) . 440 441
The Skp1/Cullin1/F-box complex (SCF) and SGT1 interactors 442 443
The effector protein See1 is transferred from biotrophic U. maydis hyphae into the 444 cytoplasm and, in particular to the nucleus of the host cell 8 . A yeast-2hybrid (Y2H) 445 screen identified a maize homologue of SGT1 (suppressor of G2 allele of skp1) as its 446 partner/target in maize 8 . SGT1 was originally identified as a cell cycle regulator 447 necessary for the kinetochore formation in yeast 74 . It regulates the cell cycle together 448
with Skp1 in two ways, by regulating Skp1 function in the Skp1/Cullin1/F-box complex 449 (SCF), an ubiquitin ligase that controls the degradation of cell cycle regulators to allow 450 G1-to-S transition, and by promoting the assembly of the centromere-binding complex 451 that initiates kinetochore formation 74,75 . 452 453
Due to the important role of SCF in cell cycle regulation and the interaction of one of its 454 subunits (SGT1) with See1, we decided to explore the expression of genes encoding for 455 its components, additionally we included the 359 F-box genes reported by Jia et al., 456 2013 76 . F-box genes are crucial components of the SCF-ubiquitin ligases and confer 457 substrate specificity, therefore, the higher the number of F-box proteins the more 458 increases the number of potential SCF complexes. Our analysis showed DE genes 459 encoding for SCF subunits in four out of five datasets (Figure 8 ). We observe 460 upregulation of SGT1 in the HPT ( Figure 8A ). This observation might be relevant 461
considering that See1 interacts with SGT1 and such interaction may have an impact on 462 cell cycle as no hyperplasic cells are formed in maize leaves infected with 463 SG200Δsee1 4 . In contrast, a general absence of SCF-complex activation is observed in 464 SG200Δsee1 compared to SG200 infected mesophyll cells ( Figure 8B and 8C ). 465 466 8 F-box genes are upregulated in HPT and 11 F-box genes deregulated in the HTT 467 dataset, from which two are strongly downregulated (Table III ). In the seeTC dataset, 3 468 F-box genes were strongly upregulated (Table III) . One DE F-box gene (ZmFBX154.1), 469 upregulated in the HPT dataset, has been reported to respond to multiple stresses and 470 may participate in the crosstalk between different signal transduction pathways 76 . The 471 specific function of the majority of the F-box genes in plants remains unclear and only 472
ZmFBX92, which is not DE in our datasets, has been functionally characterized 64, 76 . 473 474
In summary, no strong expression changes in the SCF components were observed in the 475
HPT and HTT datasets (Figure 8 ), but DE F-box genes were detected (Table III) . 476 Interestingly, only two F-box genes are both common and upregulated between the HPT 477 and HTT datasets suggesting that the majority of the selective interactions of the SCF 478 complex are specific for each tumor-type. As a consequence, the abundance of key 479 regulatory proteins, among them proteins involved in the regulation of cell cycle, is 480 likely specific for each tumor-type. We conclude that among the DE F-box genes strong 481 candidates involved in the regulation of cell cycle can be found. 482 483
The Small ubiquitin-like modifier (SUMO) and the SUMOylation machinery 484 485
SUMOylation is a post-translational modification that consists of the covalent 486 attachment of a SUMO to a substrate protein 77 . SUMOylation regulates the activity of 487 several proteins involved in critical cellular processes such as cell division and 488 transcriptional regulation 77,78 . In yeast the SUMO-conjugating enzyme Ubc9 plays a 489 role in the degradation of S and M-phase cyclins, and the ubiquitin-like specific 490 protease ULP1, is essential for the G2 to M phase transition 79,80 . Furthermore, aberrant 491
SUMOylation of key cell signaling proteins, including tumor suppressors and 492 oncogenes result in deregulation of cell cycle and division, which ultimately leads to 493 cancer 81 . In human cells, it was recently shown that SUMOylation of the APC4 subunit 494 of the APC/C E3 ubiquitin-ligase is crucial for accurate progression of cells through 495 mitosis; furthermore, SUMOylation increases APC/C ubiquitylation activity toward a 496 subset of its targets 82,83 . In plants, SUMOylation has been implicated in several 497 physiological responses and plays an important role to control cell cycle progression 84-498 87 . Particularly, the SUMO-E3-ligase AtMMS21 dissociates the E2Fa/DPa complex 499 regulating in this way the G1/S cell cycle progression 88 . 500 501
Genes involved in the SUMO machinery are differentially expressed in both HPT and 502 HTT ( Supplementary Table 5 ). In the HPT dataset the only upregulated gene encodes 503 for a SUMO conjugating enzyme subunit 1 (f) (ZmSCE1f, |log2FC| 2.59). In the HTT 504 three SUMO machinery components are upregulated, a SUMO-variant (SUMO-V¸ 505 |log2FC| 1.78), ZmSce1f (|log2FC| 1.76) and a SUMO ligase (SIZ1c, |log2FC| 2.63). 506
From the three DE SUMO machinery members only ZmSce1f enzymatic function has 507 been confirmed, while ZmSUMO-v and ZmSiz1c remain to be tested. 508 509
Discussion 510 511
The full maize transcriptome analysis of SG200 infected mesophyll and bundle sheath 512 cells has provided us a deeper view in the mechanisms evoked in the formation of maize 513 leaf tumor. Expected responses, such as the alteration of genes involved in the 514 regulation and performance of cell cycle, were differentially regulated in particular 515 tumor cell types. Interestingly, some of the mechanisms observed differed between cell 516 types and mostly reflected the cell behavior (i.e hyperplasic or hypertrophic). In 517
comparison to the wealth of information and studies performed in mammals or yeast, 518 plant cell cycle still requires a lot of study and homologues functionality validation. 519
Such studies are complicated since in plants large families encode for cell cycle 520 regulators 25, 26 . It has been suggested that the evolution of larger families coding for 521
CDKs and cyclins might help to provide a new layer of substrate recognition to 522 coordinate the cell cycle with developmental cues 27 . More difficulties arise due to 523 inconsistent nomenclatures, which difficult the comparisons and analysis 27 . A 524 reductionist vision or description of the maize cell cycle would be simply not correct 525
due to the lack of information/characterization of many genes. Most of the here reported 526 genes still require a functional confirmation. However, this report gives some pointers 527 to promising genes that could shed some light on cell cycles processes, i.e. 528 endoreduplication. The identification of functional homologues that keep the network 529 topology to control cell cycle will be crucial for the advance and understanding of this 530 process in maize and other plants. Furthermore, previous comparative studies between 531 plants and humans have identified putative cancer genes 89 . Such studies aim to identify 532 conserved proliferation genes based on expression and transcriptional regulation in 533 healthy tissues. Our study now provides data on cell cycle related genes in a tumorous 534 tissue. Therefore we believe it provides promising candidates to understand 535 tumorigenesis. 536 537
Regulation of cell cycle and core-DNA replication machineries by U. maydis 538 infection 539 540
In plants the analysis of cell cycle mutants has revealed that the loss of cell proliferation 541 control is not sufficient to induce tumor development 24 . Furthermore, plants tolerate 542 fluctuations in cell proliferation rates without this promoting tumor formation 24 . 543 544
Transcriptional activation of replication proteins (i.e. pre-replication complex) can 545 induce endoreduplication 90 . Two E2F coding genes and one DPA gene are upregulated 546 in HTT (Table II) . The heterodimer E2F-DP promotes the expression of S-phase genes. 547
Additionally, the majority of the components required for DNA replication are 548 upregulated in the HTT dataset ( Figures 5 and 6) ; this is in agreement with the 549 hypertrophic phenotype observed 4 . Additionally, DPA expression levels have been also 550
reported to correlate positively with final leaf size traits 64 . The RBR protein family is 551 crucial and defined as a core cell cycle control by repressing G1/S phase cell cycle 552
progression. RBR is known as a tumor suppressor and is inactivated in many human 553 cancers 24 . Two RBR maize genes have been well characterized 66,67 , ZmRBR1 has a 554 canonical function as repressor of cell cycle progression while ZmRBR3 promotes the 555 expression of the E2F/DP targets, including the MCM family, required for the initiation 556 of DNA synthesis 67 . Our analysis showed a strong upregulation of ZmRBR4 and 557
ZmRBR3 in both tumor cell types but no alterations in ZmRBR1/2 gene expressions 558 (Table II and Figure 4 ). ZmRBR4 has not yet been characterized but its strong 559 expression in both tumor cell-types rather speaks for a positive role in cell cycle 560 progression. 561 CKS2 is upregulated in the hypertrophic HTT cells. CKS2 is frequently overexpressed 562 in human cancers and other malignancies and such overexpression overrides the intra-563 S-phase checkpoint that blocks DNA replication in response to replication stress 91,92 , it 564 is tempting to speculate that similar to human cancers, CKS2 upregulation allows DNA 565 replication in despite the replication stress. 566 567
In eukaryotes there exists an overall similar topology controlling the entry into S-phase, 568
while the control of mitosis through CDK phosphorylation-dephosphorylation cycles 569 appears more diversified 27 . This reflects what we observe in our datasets where HTT 570 "behaviour" fits with the predicted models while the hyperplasic cells or HPT, more 571 dependent in rapid mitotic phases, is somehow more difficult to describe or predict 572 based on the current observations, and therefore the pattern is more difficult to be 573 described. 574 575
Endoreduplication can be achieved by elimination of mitosis promoting components in 576 the presence of persistent DNA replication 90 . Several plant biotrophs induce localized 577 host endoreduplication by activating common mechanisms that include the anaphase-578
promoting complex ad modulation of core cell cycle transcriptional machinery 93 . 579
Despite being a common mechanism in biotroph-plant interactions, little is known about 580 the host proteins and mechanisms manipulated by the biotroph as well as the effectors 581 involved 93 . The hypertrophic (HTT) cells present an upregulation of several D-type 582 cyclins, E2F-DP, ZmRBR3/4 and the full pre-replication machinery, all necessary to 583 support a persistent DNA replication. In this paper we shade some light on potential 584
host protein candidates and the role of the U. maydis effector See1 in the stimulation of 585 the endoreduplication process. 586 587 SGT1 is a protein that takes part in two important complexes, HSP90-RAR1-SGT1 and 588
the SCF-E3 ubiquitin-ligase. HSP90-RAR1-SGT1 is essential in NLR-mediated 589 immune responses and mostly localized in the cytoplasm 94 . On the other hand, SCF-E3 590 ubiquitin-ligase is crucial for the degradation of proteins involved in the regulation of 591 cell cycle, and therefore mostly acting in the nucleus 75 MV, AM and GD contributed conception and design of the study; MV, AH and CE 649 performed the bioinformatics and statistical analysis; MV wrote the first draft; MV and 650 GD wrote and edited the manuscript. All authors contributed to manuscript revision, 651 read and approved the submitted version. 652 653
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